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Introduction and Summary

This is a final report summarizing research accomplished
under contract no. AF49(638)-1687. This research utilized
seismic data recorded by VELA arrays, such as LASA and those
formed by individual LRSM stations to 1) investigate the ve-
locity structure of the earth's mantle and core; 2) examine the
attentation characteristics of seismic waves; and 3) study the
propagation of seismic waves across large seismic arrays. Ab-
stracts of published scientific papers and papers presented at
scientific meetings are given in the following section and
significant research accomplishments are summarized below.

The velocity structure of the earth's core is an important
baseline for routine determinations of the epicenter and focal
depths of earthquakes. Once the velocity structure is accurate-
ly known observetions of core phases, such as PKP, provide con-

trol on origin time and focal depth determinations because of

the small gradient of the travel time curve with respect to
distance. A novel approach used in this research contract tc-
wards deciphering the velocity structure of the core was to

utilize velocity filtering of the seismic phase PKKP as recorded

at LASA. Because of the large percentage of the total ray path
spent in the core PKKP amplifies details of the core velocity

structure. The velocity structure of the core was demonstrated
to possess a complex tripartite structure but it is clear that

more work yet needs to be done, particularly analyses of the
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phase SKS to study the cuter core.

One impcrtant development revealed in this study, pertin-
ent to the propagation of seismic waves across large arrays,
particulariy LAS?, was the need to correct for the dipping
M-discontinuity. A clever empirical technique was discovered
to correct for the apparent velocities of seismic waves moving
across the array. Further detaiis can be fourd in Zengeni
(1970).

Determination of the shear velucity structure of the earth's
mantle continues to be an important parameter in geoﬁhysics.
Digital processing techniques were develo,'~d to study the propa-
gation of shear waves across large arrays and the velocity
structure determined for western North America is demonstrated
to be as complex as that revealed from detailed P-wave studies.

A further implication of these studies is that regional differ-
ences beneath shields, tectonic areas, and oceans extend to depths
of at least 650 km in the mantle; it is clear that regional

travel time tables are needed for precision epicenter locations.

Significant progress towards epicenter location in later-

ally inhomogeneous regions was made through deveiojment of a

finite difference, time integration scheme (Wesson, 1970).
Exploitation of ;his technique to the precision location of
events is clear-cut and a possible approach to the problem of
hypocenter location in island arcs, such as the Aleutian arc

and the Kurile-XKamchatka arc is described in the section entitled
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Epicenter Location in Lateraily Inhomogeneous Regions.
The attenuation of seismic energy in the earth's mantle
and core is an important parameter in discussions of source

mechanisms, earthquake magnitude and the range of detectability

of seismic signals. Studies initiated under the aegis of

Project VELA and continued under this contract have demonstrated
that the averayge Q for shear throughout the mantle is about €00
and is an crder of magnitude less in the upper mantle than the
rest of the mantle. The average Q for compressional waves ap-

pears to be at least 2.5 times that for shear waves (Kovach,

1967) .



Abstracts of Published Papers and Papers Presented at
Scientific Meetings

Anderson, D. L. and R. L. Kovach, Universal Dispersion Tables

III. Free Oscillation Variational Parameters, Bull. Seism.

Soc. Amer., 59, 1667 - 1693, 1969.

The effect of a small change in any parameter of a
realistic Earth model on.ﬁhe periods of free oscillation
is computed for both spheroidal and torsional modes. The
normalized partial derivatives, or variational parameters,
are given as a function of order number and depth in the
Earth. For a given mode it can immediately be seen which
regions of the Earth are controlling the period of free
oscillation. Except for ;S; and its overtones the low-
order free oscillations are relatively insensitive to prop-
erties of the core. The shear velocity of the mantle is
the dominant parameter controlling the periods of free os-
cillation and density can be determined from free oscil-
lation data only if thie shear velocity is known very accur-
ately. Once the velocity structure is well known free oscil-
laticn data can be used to modify the average density of the
upper mantle. The mass and moment of inertia are then the
main constraints on how the mass must be redistributed in

the lower mantle and core.,

Kovach, R. L., Relative Attenuation of Compressional Wave Energy

in the Mantle, Geophysical Journ. 13, 371, 1967.




54

The attenuation of compressional energy relative to
shear energy in the mantle is determined by spectral ampli-
tude comparison of the seismic phases SKS and SKP with
common paths in the mantle and core. Z2ssuming that the
average Q, for shear in the mantle is 500, the average
for compressional waves is at least twice that for shear

in the frequency range 0.2 - 0.6 cps.

Kovach, R. L., Attenuation of Seismic Body Waves in the Mantle,
Geophysical Journal,li, 165 - 170, 1967.

The attenuation of seismic body waves is a direct mea-
sure of the absorption due to nonelastic processes within
the Earth. Accurate'amplitudé decrement data for seismic
body waves reguire the measurement of the spatial decay rate
along a given ray, but measurements are restricted to the
surface of the Earth. Recent studies have shown that the
average Q, for shear, throughout the mantle is about 600
and that the average Q for the upper 600 km of the mantle
is an order of magnitude less than the rest of the mantle.
Spectral amplitude comparison of the seismic phases SKS and
SKP with common paths in the maqtle and core allows the Q,
for compression, in the mantle to be estimated. Prelimin-
ary results indicate that the Q for compression is at least -

2+5 times that for shear.

Kovach, R. L., Travel Times and Attenuation of Seismic Waves

in the Earth's Core, presented at the XIVth General Assembly,
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International Union of Geodesy and Geophysics, Zurich, 1967.

A statistical treatment of about 500 observations of
PKP in the range 115° < A < 140° yields for the DE branch
(PKIKP) the empirical relation

t = 909.25s + 1.876A (s)
later by 1.8 to 1.0 seconds from the corresponding Jeffreys-
Bullen times. The mean residual of all PKIKP observations
f om nuclear explosions against the empirical times is
nearly zero emphasizing that average PKIKP times for a refer-
ence earth are now satisfactorily known. Observations of
precursors to PKIKP sétisfy the relation
t = 853.458 + 2.24 (s)

with a large standard error;rthese obscrvations probably
correspond to one or more precursor branches.

Knowledge of the attenuation function for P-waves in
the earth's core is pertinent to understanding mechanisms
of energy dissipation in the eartl. The attenuation of P-
waves in the core has been measured by spectral amplitude
comparison of the seismic phases ScS and SKS which have
left the source at nearly identical azimuths and vertical
takeoff angles. Assuming that the core can be treated as
a viscous liquié a value for the viscosity of 2.6 x 1010
poise is obtained. Since the core behaves as a fluid Q is
dependent on frequency. For a 20 second period wave a Q

equalling 750 is compatible with the observed data.
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Kovach, R. L., and P. Glover, Travel Times of PKP in the

Range 115° < A < 140°, Geophysical Journal, 15, 367-376, 1968.

Approximately 500 observations of PKP in the range
115° < A < 1490° have been statistically examined to yield
a set of empirical travel times. Observations for the DE )
branch (PKIKP) fit the form t = 909.25 s + 1-876A later
by 18 to 10 s than the corresponding times given by
Jeffreys and Bullen. The mean residual of all observations
of PKIKP from nuclear explosions, including recent data
from Longshot, against the empirical times does not signif-
icantly differ from zero emphasizing that average PKIKP
times for a reference Earth are now satisfactorily known.
In the interval 125° < A < 140° observations preceding the
DE branch satisfy the relation t = 1145:0 + 2:2(4~132+5°)
with a large standard error; these observations probably

correspond to one or more precursor branches to the DE

branch.

Kovach, R. L. and D. L. Anderson, Study of the Energy of the

Free Oscillations of the Earth, J. Geophys. Research, 71,

2155 - 2188, 1967.
The energirs of the radial, torsional, and spﬁeroidal
free oscillations for a Gutenberg model earth were studied.
Each mode of oscillation has a characteristic radial dis-

tribution of elastic and kinetic energy that fixes the
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parts of the earth that contribute most heavily in deter-
nmining a particular resonant frequency. An examination of
the partitioning of energy among'compressional, shear, and
gravitational energy as a function of mode number aud
depth immediately explains the persistence of the purely
radial mode compared with the other normal modes of the
earth. Only the first few spheroidal modes are sensitive
to the density of the inner core; they are pé:ticularly
sensitive to the density of the outer pirt of the core.
The low-order spheroidal modes also exhibit a rapid rise

of potenc.ial energy near the base of the mantle; this rise
will permit improved estimates of the velocity to be obtained
in this region, which is difficult to examine with body
waves. The tabulated results allow estimates to be made

of the previously neglected energy contained in the free
oscillations excited by large earthquakes. An estimate of
the energy in the low-order spheroidal oscillations excited
by the great Alaskan shock suggests a vaiue of 1023 ergs

over the period range from 450 to 830 sec, implying that

the energy density increases towards high frequencies if the

total energy in the earthquake was of the order of 1024 -

1025 ergs.

Kovach, R. L., and R. Robinson, Upper Mantle Structure in the
Basin and Range Province, Western North America from the

Apparent Velocities of S Waves, Bull. Seism. Soc. Amer., 59




1654 - 1665, 1969.

The variation of shear velocity with deptl in the
upper mantle for the Basin ard Range province of western
North America has heen studied with direct measurements
of dT/dA for S waves in the distance range 14° < A < 40°,
Three orthogonal components of digital data were used and
onset times were determined using the product of the hori-
ontal radial and vertical components of motion and particle
motion diagrams. A linear LRSM array in Arizona was used
for the measurement of d1/da.

An S-wave velocity distxibution is derived, compatible
with P-wave velocity models for the same region. The de-
rived model consists of a thin 1lid zone of shear velocity
4.5 km/sec overlying a low-velocity zone and a change in
velocity gradient at a depth of 160 km. Two regions of
high-velocity gradient are located at depths beginning at
360 km and 620 km.

Robinson, R., and R. L. Lovach, Shear Wave Velocity Structure

in the Westerr United States, Geophysical Journal, 20,

1-9 , 1970,
Direct measurements of dT/dA for S-waves over the dis-
tance range 14° < A < 93° are used to derive a shear wave
velocity model for the mantle beneath western North America.

A network of seismograph stations in Arizona operated as an
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array was used for the measurement of dT/da. The use of
later arrivals is necessary to define the dT/dA-A curve
for distances less than 55°. Distinctive features of the
derivad model ORC-3, are a low velocity zone centered at
100 km depth and zones of high velocity yradient beginning
at 400, 650, 900 and 1180 km depth.

Wesson, R. L., Amplitudes of Body Phases in a Spherically Lay-

ered Earth, presented at 1969 Annual Meeting of the Seismo-

logical Society of America, St. Louis.

Velocity laws commonly used (such as v=arb) for the
evaluation of familiar ray theory integrals have proven
satisfactory for the calculation of travel-time versus dis-
tance but are unsatisfactory for computation of the dis-
tance derivative dA/dp, required for the calculatiun of
intensity and amplitude. Specifically, false caustic: and
regions of low intensity are introduced and real caustics
are omitted. The spurious discontinuities in curves of
da/dp versus distance, calculated from the laws which con-
tain two or fewer free parameters, stem from the inability
of the laws to maintain continuity of dv/dr and higher dec-
ivatives across layer boundaries. However, satisfactory
results may be obtained by integration using the variable n
(defined as r/v) and expressing the radius, r as a function
of n, using as many free oarameters as required to fit the

desired number of derivatives at the layer boundaries.



11-1

Functions which reduce to the form:

1l dr 2
facilitate the evaluation of the integrals by a simple
recursion. Examples are given that demonstrate the im-
provement obtained in amplitude-distance curves over
those calculated using the law vsarb, particularly in the

vicinity of true discontinuities and caustics.

Wesson, R. L., A Time Integration Method for Computation of

the Intensities of Seismic Waves, Bull. Seism. Soc. Amer.,

60, 307-316, 1970.

A finite-difference time integration method for the
calculation of seismic ray intensity is developed. Dis-
continuities in the depth derivative of the velocity-depth
function at layer boundaries cause anomalies in the intensity
distance curves calculated using the standard integral form-
ulation. The time integration method overcomes these dif-
ficulties. Calculations for a simple analytic case and a
Gutenberg earth model demonstrate the difficulties with the
standard integral method and the superior performance of
the time integration scheme. The method may also be applied

to laterally inhomogeneous earth models.

Wesson, R. L., Seismic Ray Computations in Laterally Inhomo-

geneous Crustal Models, Ph.D. thesis, Stanford University, 1970.
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The realistic interpretation of seismic travel-time
data from structurally complex areas, and the accurate
location of earthquake hypocenters in such areas, require
seisinic ray computations for laterally inhomogeneous velocity
models. Numerical simulation of the ray differential equa-
tions provides a practical means of performing the neces-
sary calculations. In addition to the calculation of travel-
time, the ray intensity and the partial derivatives of travel-
time with respect to the parameters of the model may be cal-
culated. Results from such numerical simulations are in
excellent agreement with those analytically obtainable for
a simple constant gradient velocity model. An algorithm
for the direct solution of ray boundary value problems,
based on the iterative solution of a tridiagonal set of si-
multaneous equations, allows for the input of geophysical
intuition in finding the rays between a source and a station.

A model fitting procedure is described for laterally
inhomogeneous models which is based on the description of
a velocity model by combinations of simple continuous func-
tions which are chosen to reflect the available geologic
data. A least squares scheme is used to obtain models
which fit the travel-time data and are consistent with geo-
logic data. Laterally inhomogeneous velocity models are
obtained for travel-time data from explosions for two areas
in California: the Bear Valley area, 25 miles southeast of

Hollister, and the Borrego Mcuntain area, 100 miles northeast
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of San Diego. Both regions are characterized by a substan-
tial lateral variation of seismic velocity and the derived
models exhibit most of the significant structural features
of the areas. The Bear Valley explosion is relocated in

the velocity model as a test for the validity of the model
and of a computational procedure for the location of hypo-
centers in structurally complex areas. [This report is

attached as Appendix A].

Zengeni, T. G., PKKP and the Earth's Core, presented at 1969

Annual meeting of the Seismological Society of America, St.

Louis.

Much of the information concerning the velocity struc-
ture of the earth's core is based on studies of the seismic
waves PKP and SKS. Detailed observations of the core phase
PKKP are a previously unexploited tool for studying the fine
structure of the core. Because of the large percentage
of the total ray path which is spent in the core PKKP ampli-
fies details of the core velocity structure. Direct mea-
surements of dT/dA for PKKP in the distance range from 85°
to 150° have been made at the Montana LASA for a number of
earthquakes and the data inverted to extract a velocity
model for the core. The model is discussed in the light
of other velocity models which have been proposed for the

core.
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Zengeni, T. G., A Note on Azimuthal Correction for dT/da for

a Single Dipping Plane Iaterface, Bull. Seism. Soc. Amer., 60,

299-306, 1970.
A relation is derived for correcting dT/ds for a single

dipping interface under seismic array:

4

dr _ (gg) sin (Q-w')

da ~ \&a ) sin (a-w)

The formula depends on the azimuth angles: w and w' are the
computed and observed azimuths, @ is the azimuth of the
normal to the tilted interface, and (§T/54)' is the obser-
ved quantity. The relation is explicitly independent of
the dip and the velocities of the media on either side of

the interface.

Zengeni, T., PKKP and the Fine Structure of the Earth's Core,

Ph.D. thesis, Stanford University, 1970.

The slowness factor dT/da for the core phase PKKP was

measured at the Large Aperture Seismic Array (LASA), Mon-
tana, in the epicentral distance range 75° < A < 125°,
Due to the high phase velocities involved, or equivalently,
low slowness factor, corrections for simple geologic struc-
tures under the array were imperative. A method was de-
rived to correct for the dipping M-discontinuity under
LASA.

A velocity model for the earth's core was computed

from the dT/da observations, together with PKP travel



times, using the Wiechem~Herglotz integration method.
The PKKP core velocity model derived is essentially tri-
partite, but differs from other propcsed modeis in im-
portant details.

The major part of the outer core exhibits no striking
differences from the standard Jeffreys' model: fairly con-
stant velocity gradients in the SKS and ABC (Bullen 'E')
region. However, at a radius of 1654 km there is a dis-
continuity in the velocity gradient and the next 250 km
in depth is a distinct region of slightly higher velocity.
The transition zone into the inner core is only 200 km in
thickness and is characterized by a gentle negative velo-
city gradient This zone has an average velocity of 10.45
km/sec. The inner core starts at radius 1217 km with an
average velocity of about 11.20 km/sec and possesses a
slight negative velocity gradient towards the center of
the earth. A slight drop in compressional velocity in the
mantle at the core-mantle boundary is also inferred.

It is conjectured that the transiticn zone (liquid or
viscous) and ti.e inner core (solid) are of the same chem-
ical composition, but differ firom that of the outer core.

[This paper is attached in toto as Appendix B].

15./



Structure of the Earth Using Seismic Body Waves

The ability to locate natural and artificial seismic
sources depends on the precise knowledge of the travel
times of seismic waves. Work towar.s the determination
of earth structure from seismic body waves was pursued
using arrays such as LASA and arrays formed from LRSM
stations. Considerable effort was devoted towards de-
ciphering the velocity structure of the earth's core.
Accurate travel times for the earth's core are required
because observations of core phases provide control on
origin time and focal depth observations.

One of the most promising techniques for studying
the velocity structure of the core was to measure dT/da
for various core phases directly using large seismic
arrays, such as LASA. Analyses of the core phase PKKP
in the distance range 75° < A < 125° was particularly
fruitful in delineating the somewhat surprising complex-

ity indicated for the velocity structure of the core.

The advantageous use of the core phase PKKP is illustrated

by the amplification of various travel time brancles.

The clustering of the branches of the core phuse PKP at

the crucial distances around the gaustic B make it diffi-

cult to discern such a structure. PKKP branches are

spread out more conveniently such that branch terminal

16|
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points A, C, I, J and the caustic B are less obscure
than in corresponding PKP points.

The core model derived is essentially tripartite,
differing from existing tripartite models mainly in fine
structure. The inner core fine structure is not resolv-
able, and the velocity distribution is thus fairly arbi-
trary. The structure derived is constrained solely to
give the observed PKIKP (DF branch) travel times.

The greater part of the outer core exhibits no new
or major features -- fairly constant velocity gradients
in the SKS and aBC regions, slightly higher in the former,
and lower in the lattér. The gradient diminishes to near
zero in the subregion CI. However, the next 250 km show
a distinct region (IJ) characterized by a humped velocity
distribution.

The transition zone is found to be rather narrower
than existing tripartite models, only about 200 km thick,
and has a slight negative velocity gradient (with depth). -
Further details concerning the velocity structure of the
core can be found in Appendix B, Kovach and Glover (1968)
and Zengeni (1970).

Even though the velocity structure of the earth's core
has been demonc*+rated to be more complex than heretofore

believed it is clear that more work yet needs to be done,




particularly studies of the outer core using the seismic

Ehase SKS.

Determination of the shear wave velocity structure
of the earth's mantle continues to be an important problem
in geophysics. During this research effort work was .
directed towards analysis of the shear velocity structure
through direct measurements of dT/dA for S waves in
the distance range 14° < 4 < 90°., A linear LRSM array
in Arizona was used for the measurement of dT/da.

S-wave data collected to date are summarized in
Figure 1, Kovach and Robinson (1969) and Robinson and
Kovach (1970a) The shear wave velocity structure has
been demonstrated to be as complex as that revealed by
array studies of P-waves. In the Basin and Range province
of western No:th America the derived velocity model pos-
sesses a thin '1id' of velocity 4.4F km/sec overlying a
broad low velocity 2zone and pronounced regions of high
velocity gradient centered at depths of 410 km and 650 km.

A lesser zone of high velocity gradient has been detected

at a depth of 1225 km.

The shear wave velocity structure in the upper mantle
{above 650 km or so) has been shown from surface wave
dispersion studies (particularly Love waves) to be strongly
dependent on the particular province traversed -- mountain-

tectonic, shield or oceanic (Toksoz and Anderson, 1966;

18-/



19-)

1 @anbta

6334930'V
021 Oll 001 06 08 O/ 09 0S5 Ov O 02

] |

(6961) A4V310-S AILIVY4HIC

R e
. (0261) |
. 51438048 SITVH INVII0,

L NYO8YIVS -
AINYNL-
L J1419vd °S-
H1NWIZV 3S-
HLNWIZV MN-

J1LNVI ¥3ddN
i JIVIN3NILNOD JINOLI3L,

] | l l 1 | ] ] l

il o Aot sl S i dsiial gnbilrainli



- v

Kanamori, 1970). This fact in turn dictates that consid-
erable care must be exercised in extracting a shear wave
velocity structure for the lower mantle, since inversion
by the Wiechert-Herglotz technique is dependent on the
velocity structure assumed in the upper mantle. Converse-
ly, free oscillation inversions which purport to determine
details of the upper mantle are strongly dependent on
the shear velocity structure assumed for the lower mantle.

The upper mantle structure determined from the in-
version of dT/da for S-waves during this research effort
is applicable for the Basin and Range provirice of western
North America. In order to determine a velocity structure
for the lower mantle compatible with travel time and free
oscillation observations it was necessary to 'strip’ the
velocity structure to deptiis exceeding 650 km and fit the
upper mantle with an 'average' structure before inverting
the lower mantle dt/ds versus 4 data.

The implication that regional heterogeneities exist
:©o such depths in the earth's mantle, particularly for

S-waves, is important and argues that regional travel

time tables are needed for precision epicenter locations.

Further details of the S-wave inversion problem can be

found in Robinson and Kovach (1970b).



Epicenter Location in Laterally Inhomogeneous Regions

Application to the San Andreas Fault

The precision location of epicenters is particularly
difficult in regions of lateral inhomogeneities. A fi-
nite difference, time integration technique has been
developed to ‘determine three-dimensional velocity models
for laterally inhomogeneous regions from seismic data.
The essence of the method is as follows, and exploita-
tion of this technique to the precision location of
events is clear-cut.

Velocity models are specified as a function of the
space coordinates X through a set of parameters pj,
C(i, pj) where C is the velocity. Travel times
between the source and the stations are calculated using
a finite-difference, time integration procedure. The
appropriate ray from the source which passes through
the station is obtained using an iterative algorithm.
Partial derivatives of the travel time with respect
to the model parameters pj are also calculated.
Starting with an initial guess pj, a least squares
iteraticn is used to minimize the sum of the squares
of the differcnces between the observed travel times
and the travel times calculated using the new model.

A detailed explanation of the technique and application

21- |
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to the problem of epicenter location on the San Andreas

fault is described in detail in Appendix A.

Application to Hypocenter Location in Island Arc-

Lateral inhomogeneities of seismic velocity iﬁ the
earth's crust and upper mantle introduce bias into the
location of earthquakes and explosions by seismic methods.
This bias is most severe for events occuring in geographic
areas characterized by substantial lateral velocity
variations, such as islarnd arcs. The magnitude of this
bias was éerhaps most clearly indicated by the detonation
of the nuclear explosion LONGSHOT on Amchitka Island in
the Aleutian Arc. Attempts to relocate this shot by
standard means indicated an epicenter approximately 20 km
north of the true location and a depth 60-80 km deeper
than the actual event (Lambert et al., 1970). This dis-
crepancy has been extensively studied by Douglas (1967),
Douglas and Lilwall (1968), Lilwall and Douglas (1969,
1970), Herrin and Taggart (1968), Chiburis and Ahner
(1969), and Lambert et al. (1970).

Evidence for both network bias (resulting from global
velocity variations and the position of the event within
the station network) and source bias (resulting from the
velocity structure in the immediate vivinity of the event)

has also been found for an event in Hewaii (Herrin and
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Taggart, 1968), although this is argued by Douglas and
Lilwall (1968). Evidence for network bias is extencive.
In addition to the papers cited above for LONGSHOT,
bias for regional events in North America has been found
by Herrin and Taggart (1962, 1966). The method of joint
epicenter determination of Douglas (1967) (see also
Bolt and Freedman, 1968) has yielded promising results
in the elimination of network bias. On the other hand,
it has only been possible to eliminate source bias for
events of known origin time and position (e.g. LONGSHOT).
The calculation of travel-times for laterally inhomo-
geneous velocity models may be simply accomplished by
numerical simulation of the ray differential equation.
Briefly, the initial value problem of finding the ray
emanating from a given point in a given direction may be
solved by a simple Runge-Kutta or similar integraticn
scheme. The more difficult boundary value problem, which
must be solved in the hypocenter location problem for
the rays from the trial source position to the stations,
may be solved, either by a succession of initial value
problems, or by a direct iterative &lgorithm developed
for this purpose based on the solution of a tridiagonal
set of equations.
Several possible inputs exist to the process of

finding three-dimensional velocity models of island arc

23/



structures. The first is the seismicity data summarized
by Isacks et al. (1968), and others which indicates the
geometric shape of the structures and suggests that the
dominant feature is a downgoing slab of lithosphere.

This geometric picture, assumption as to the general rock
types present, and temperature distribution calculations
such as those of Minear and Toksoz (1970) may be combined
and used to calculate velocity models. Seismic refrac-
tion data (e.g. Murdock (1967)) can also be used for the
uppermost mantle. Minear and Toksdz, for example, give
two-dimensional plots of the temperature distribution

in a downgoing slab of lithosphere under a broad range

of assumptions. Using available laboratory data on the
partial derivatives of seismic velocity with temperature
(e.g. Birch, 1966), it is a simple matter to calculate
two-dimensional velocity models. Ih fact, Minear and
Tokso0z obtain the velocities in selected regions of the
slab in just this way in order to calculate the travel-
time anomalies for the simple cases of rays arriving
parallel and perpendicular to the faces of the slab.

For ray calculations of the sort discussed above,
the velocity models may be specified in either of two
ways. For the maximum flexibility in describing the
velocity distribution, a two- or three-dimensional grid

may be used. This would necessitate a table lookup

24-|



interpolation scheme to define the velocity at intermediate
points. The otﬁer approach is to find a simple analytic
function or combination of functions which describe in a
general way the desired distribution.

Travel-time data from earthquakes may alsc be useful
in a general way. Of course the best single restraint
on velocity models in addition to the overall geometric
shape is travel-time data from events with known location
and origin time.

In order to very accurately locate events in island
arc structures two avenues of attack are possible. The
first is to model a sufficient portion of the globe, and
to use the finite difference integration approach exclu-
sively. A more practical approach is to model the struc-
ture in the vicinity of the source and perform the inte-
gration by the finite difference technique in this region,
and use a standard one-dimensional earth model, specified
by travel-time tables and supplemented with station correc-
tions,

In summary, the following seems to be a promising
approach for precision epicentral locations in island
arc regions:

1) obtain through a synthesis of techniques three-
dimensional velccity models of a few island arc

areas (the Aleutian arc and the Kurile-Kamchatka

arc);
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2)

3)

4)

26 -/

develop computer programs coupling our finite differ;
ence technique with standard table lookup and station
correction procedures to caiculate the travel-times
from events located on these structures to world

wide stations;

use these programs to locate events in these struc-
tures and compare the results with those obtained
from other techniques; in particular, the method of
joint epicenter determination;

finally, determine if it is possible to eliminate

source bias in event location without a priori

knowledge of the location of the events.
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ABSTRACT

The realistic interpretation of seismic travel-time
data from structurally complex areas, and the accurate loca-
tion of earthquake hypocenters in such areas, require seis-
mic ray computations for laterally inhomcgeneoﬁs velocity
models. Numerical simulation of the ray differential equa-
tions provides a practical means of performing the neces-
sary calculations. 1In addition to the calculation of travel-
time, the ray intensity and the partial derivatives of travel-
time with respect to the parameters of the model may be cal-
culated. Results from such numerical simulations are in
excellent agreement with those analytically obtainable for
a simple constant gradient velocity model. An algorithm
for the direct solution of ray bocundary value problems,
based on the iterative solution of a tridiagonal set of simul-
taneous equations, allows for the input of geophysical intu-
ition in finding the rays between a source and a station.

A model fitting procedure is described for laterally
inhomogeneous models which is based on the description of a
velocity model by combirnations of simple continuous functions
which are chosen to reflect the available geologic data. A
least squares scheme is used to obtain models which fit the
travel-time data and are consistent with geologic data.

Laterally inhomogeneous velocity models are obtained for
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I. INTRODUCTION

Seismqlogists have in the past relied almost exclusively
on layered models of earth structure, either flat or spher-
ical, for the interpretation of seismic data for several
reasons: 1) to first order the earth is a layered sphere;

2) adequate data to detail the deviations from the layered
case were not available and 3) useful theoretical and com-
putational tools did not exist for the interpretation of
such data. Recently, however, the existence of important
lateral variations has become increasingly obvious and dig-
ital computers have made it possible to escape from the nar-
row confines of analytically obtainable solutions and util-
ize numerical solutions.

Various numerical approaches present themselves for the
solution of the wave propagation problems of seismology.
Alterman and Karal (1968) and Boore (1970) have used direct
numerical integration of the wave equation to obtain solu-
tions to surface wave problems, Boore for laterally inhomo-
geneous situations. Claerbout (1970) has described tech-
nigques whereby trial solutions are inserted into the wave
equation to obtain difference equations which may be inte-
grated to obtain amplitude and phase maps for laterally in-
homogeneous structures. This thesis is directed to numervrical
techniques based on ray theory and their applications in
seismology. Ray theory for inhomogeneous media has been

studied extensively for electromagnetic waves (Kline and



Kay, 1965). Karal and Keller (1959) and Vlaar (1969) hava
studied ray theory for elastic solids. Ugincius (19%53) has
made both tlreoretical and numerical computational studies
of ray thecry in iaterally inhomogeneous media in regard
to underwater sound propagation. Russian investigators
(Burmakov & Oblogina, 1968; Belonosova, et al. 1967) have
made limited attempts at the numerical integration of ray
equations for application to seismology.

The history of the application of ray theory to seismol-
ogy is intimately tied to the history of seismology itself.

The fundamental inferences about the structure of the earth

are based on ray theory through the Wiechert-Herglotz in-
version procedure. Classical seismological ray theory based
on the assumption of radial symmetry, i.e., velocity 2 func-
tion of one coordinate only, converts the differential equa-
tions for rays to integrals usually involving radius or depth
as a variable of integration. Such methods have been de-
tailed by Bullen (1963), Jeffreys (1962),Sliéhter (1932) and
others and have proven immensely useful in understanding the
structure of the earth, but such methods are not easily mod-
ified to account for lateral inhomogeneities. A notable ex-
ception is the method of time-term analysis originally due

to Scheidigger & Willmore (1957) and expanded by Berry and
West (1966 a & b). This method has proven quite successful
in the treatment of the case of a constant velocity medium,
or flat lying layers resting on an undulating basement of rela-

tively fast velocity, provided the dips involved are small.



The laterally inQomogeneous nature of the earth's crust
is obvious to anyone éossessing a rudimentary knowledge of
geology. This observation is born out, in terms of seis-
mology, by thke multitude of crustai refraction profiles to
date. Sedimentary basins, large scale faults, intrusions.
and mountain ranges all are examples of laterally inhomo-
geneous structures of interest to seismologists. Documen-
tation for the laterally inhomogeneous nature of the earth's
mantle is less abundant, but still difficult to refute;
Seismological observations include those by Bolt and Nuttli
{1966), Otsuka (1966 a & b), Hales, et al.(1968), Oliver and
Isacks (1967) and others. The definition of velocity in-
homogeneities in the upper mantle is extremely difficult for
at least three reasons. First, we see the mantle only
through the crust, which because of its complex structure
tends to blur ard confuse our observations. Secondly, the
amount of data available is insufficient to resolve detail
in the mantle. Thirdly, our knowledge of the inter-rela-
tionship between crust and mantle is not yet at a point
where we can use surficial geology as an unambiguous guide
to mantle structure. 1In other words, in attempting to de-
fine velocity variations in the crust, we can use surficial
geology as a constraint. At the present time this can only
be done in the most general way for the mantle.

This thesis briefly reviews the bases for ray theory

in an appendix. The body of the thesis describes briefly
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how these results may be used to calculate'travel-times,
apparent velocities, ray intensities (or amplitudes) and
their partial derivatives with respect to model parameters.
The application of these calculations to the seismological
problems of finding velocity models and hypocenter location
are explored.

These techniques are then applied to seimic data obtained
in two regions in California: Bear Valley, 25 miles south~-
east of Hollister along the trace of the San Andreas fault
and the Borrego Mountain area 100 miles northeast of San Diego
in the San Jacinto fault zone. Both of these areas.are
characterizea by complex geologic structure and possess large
lateral variations in seismic velocity. Each of these areas
was also the scene of a large aftershock sequence. Three-
dimensional velocity models are constructed for each of these
areas based on seismic refraction data and the use of these

models to locate earthquakes is demonstrated.



II. THEORY
The calculatiorn of seismic rays for laterally inhomo-
geneous media rests on the numerical solution of the equation
a. 1 ar

—_— = = V(1l/c)
ds c¢ ds

where s is arc length along the ray, r(s) is the space curve
defining the ray and c = c(X) is the seismic velocity (com-
pressional or shear) as a function ¢’ position. The wsolution
of this differential equation for r yields the geometry of
the ray and sufficient information to calculate the travel
time and apparent velocity. The derivation of this equation
can be found in Appendix A. This chapter discusses two
questions of fundamental geophysical interest: 1) How to de-
termine a velocity model from a set of travel-time data for

a laterally inhomogeneous regior and 2) How to use a velocity
model derived for such a region to locate explosions or earth-
quakes.

Derivation of a velocity model

For an assumed one-dimensional velocity function, the
Wiechert-Herglotz inversion procedure provides a unique con-
struction of a velocity model given a curve of apparent vel-
ocity versus distance (Bullen, 1963). This construction re-

quires that no discontinuities exist in the velocity function
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and that it is a monotonically increasing function, except for
smali reversals less than a critical amount. When discontin-
uities or low velocity zones are present the method becomes
formally non-unique although in practice it is possible to
use geophysiéal intuition andwauxiliary data to reduce the
ambiguity. At the present time there is no analogous method
for obtaining a two-or three-dimensional velocity distribution.
It is unlikely that such a wmethod will be found because the
Wiechert-Herglotz method ;elies on an integral formulation

of ray theory which does.not lend itself to generalization

to more than one dimension.

Lacking such % constructive method, we are faced with
the prospect of "model fitting," i.e. an iterative process,
based either on trial-and-error or a systematic perturbation
of the trial model until the calculated quantities agree with
the observations. Once agreement is obtained the question
of whether the model is unique remains. This probler is a
special case of the so-called "geophysical inverse proklem"
which has been discussed by many authors, notably by Backus
and Gilbert (1967, 1968, 1969) and Backus (1970). These
authors have attacked the general problem of the inversion
of geophysical data in a very general and elegant manner.
Although formally most of their results apply cnly to a
spherical, one-dimensional earth, their ideas may be applied

in an intuitive way to the three-dimensional velocity
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distribution problem. Because the set of possible models
is continuous, the number of possible models i3 infinite.
Because we can only hope for a finite number of observations,
the resolving power of these observations is also limited
and gives rise to non-uniqueness. This problem is rot usually
severe Lecause normally the limited resolving power gives to
a set of relatively similar models. More problematical,
Backus and Gilbert (1967) demonstrate that for each model
which fits the data exactly, there exists a family of models
which satisfy the data. The most severe difficulty, however,
is that substantially different families of models may exist.
The object of the present work is to determine velocity
models which in some scnse satisfy travel time data in addi-
tion to constraints inposed by other data, in particular
surface geology. Four methods have been used for obtaining
models which fit travel time data: 1) trial-and-error; 2)
Monte Carlo; 3) itcration with an underdetermined system
used as a constraint to fit the data exactly and least squares
used to minimize something like the difference between the
old and new models (cf. Backus and Gilbert, 1969); and 4)
iteration with least squares used on an overdetermined system.
The first three methods have been widely applied to analyses
Of mantle travel time data. +The fourth method has the dis-
advantage that it requires more oLservations than unknown

parameters. This is unr=alistic in that the real earth is

-



sufficiently complicated to require an infinite, continuous
distribution of parameters for an accurate description. On
the other hand, certain general features of the velocity ‘-
distribution in the earth may be inferred from other geologic
and geophysical data to suggest the form of a relatively
simple function or combination of simple functions. Such a
function or functions would not form a "complete" set in

the sense of orthogonal functions, but they can provide a
relatively accurate description of the average structure

with a vastly reduced number of parameters.

For example, suppose we wish to describe a velocity
model in a cube of side L. Suppose that the dimension of
the smallest structural detail which we wish to appear in
the model is 2. Then the number of points required on an
evenly spaced grid, or the number of coefficients of orth--
ogonal functions, required for an adequate description is of
the order of (L/%)3. On the other hand, if we use simple
functions to describe the individual geologic features of
interest there is no such relationship. The number of para-
meters required depends more or less linearly on the number
of features described. The philosophical question which
arises is whether the description of the model should include
many more unknowns than observations or should geological

evidence be used to limit the number of unknowns.
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Partial derivatives of travel time with respect to model
parameters

For purposes of deriving a velocity model from a set

of observational data it is useful to calculate the chauge

in travel-time hetween the observation points with respect
to perturbations in the velocity model. It is thus use-

ful to consider velocity as a function of the space coordin-
ates through a set of N parameters p; - A particular model
may, therefore, be represented as a point in parameter space,
and a set of similar models may be represented by a cluster

of points in parameter space. Define a velocity c

c = c(§;§)

where X is a three-dimensional position vector and p is an
N-dimensional vector of parameters. The desired result is

a set of partial derivatives of the travel-time between each
source-station pair with respect to the parameters Py The

time required to move along a ray is

ds

T = — 2.1
c

along the

ray
A slight perturbation in the velocity ¢ will change the
integral in 2.1 in two ways. First, the path of the ray

will be changed slightly. Secondly, the time reguired to
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traverse each segment of the ray will be perturbed. To
first order, Backus and Gilbert (1969) have argued that

the change in the path may be neglected and the integration
of the velocity perturbation may be carried out along the
unperﬁurbed path. Formally, this amounts to differentiating
with respect to the parameter through which the model is

perturbed

oT 1 3ac
V  — = —-——-ds 2.2
2 .
api C api
along the
ray

This integration may be carried out numerically once the
path of the ray is krown.

Many investigators have obtained expressions for partial
derivatives of travel time with respect to model parameters
for application to one-dimensional velocity functions in-
cluding Jeffreys (1966), Julian and Anderson (1968) ,Archambeau
et al. (1969) and Backus and Gilbert (1969).

Least Squares Model Fitting

Consider a vector of M observations of travel-time T;bs

and calculate a vector of travel-times TE for corresponding

alc
points for a trial velocity model together with a matrix of

partial derivatives of the travel-time between the ith source

h

station pair with respect to the jt parameter of the velocity

10



model.
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